Mice overexpressing the mitotic checkpoint kinase gene BubR1 live longer, whereas mice hypomorphic for BubR1 (BubR1 H/H ) live shorter and show signs of accelerated aging. As wild-type mice age, BubR1 levels decline in many tissues, a process that is proposed to underlie normal aging and age-related diseases. Understanding why BubR1 declines with age and how to slow this process is therefore of considerable interest. The sirtuins (SIRT1-7) are a family of NAD + -dependent deacetylases that can delay age-related diseases. Here, we show that the loss of BubR1 levels with age is due to a decline in NAD + and the ability of SIRT2 to maintain lysine-668 of BubR1 in a deacetylated state, which is counteracted by the acetyltransferase CBP. Overexpression of SIRT2 or treatment of mice with the NAD + precursor nicotinamide mononucleotide (NMN) increases BubR1 abundance in vivo. Overexpression of SIRT2 in BubR1 H/H animals increases median lifespan, with a greater effect in male mice. Together, these data indicate that further exploration of the potential of SIRT2 and NAD + to delay diseases of aging in mammals is warranted.
Introduction
BubR1 is a component of the spindle assembly checkpoint that has emerged as a key regulator of aging and longevity in mice (Baker et al, 2004 (Baker et al, , 2011 . BubR1 was first characterized as an inhibitor of the anaphase-promoting complex (APC/C), an E3 ligase complex that triggers the transition from metaphase to anaphase by targeting cell cycle regulators for degradation (Elowe, 2011) . The evolutionarily conserved amino-terminal domain of BubR1 acts as a pseudosubstrate inhibitor of the APC/C (Oberg et al, 2001; Wei et al, 2005) , and the C-terminal domain is thought to act as a pseudokinase that regulates conformational stability of BubR1 (Nateri et al, 2004) . Whether it is the cell cycle role of BubR1 or another downstream target that regulates lifespan is not yet known.
In wild-type mice, levels of BubR1 significantly decline with age (Baker et al, 2004) . BubR1 hypomorphic mice (BubR1 H/H ) that constitutively express low levels of BubR1 are normal in appearance and size at birth, but undergo slow postnatal growth and have a shortened lifespan exhibiting premature aging phenotypes, including cachectic dwarfism, lordokyphosis, cataracts, loss of subcutaneous fat, and impaired wound healing. Conversely, sustained expression of BubR1 extends lifespan and delays many age-associated changes including cardiac stress, muscle loss, retinal atrophy, and renal interstitial fibrosis and glomerulosclerosis (Baker et al, 2013) . In humans, mutations in BubR1 have been associated with mosaic variegated aneuploidy (MVA) syndrome. MVA patients have various progeroid traits including a shortened lifespan, short stature, facial dysmorphisms, and cataracts (Jacquemont et al, 2002; Lane et al, 2002; Garcia-Castillo et al, 2008) . BubR1
H/H mice exhibit widespread senescence, and although deletion of senescent cells from these mice delays the onset of numerous age-related phenotypes, their lifespan is not extended (Baker et al, 2011) . A major obstacle to extending the lifespan of BubR1 hypomorphic mice is their small heart size and altered electrophysiology. Together, these studies indicate that BubR1 regulates longevity in mammals and that the decline in BubR1 levels over time is an important contributor to normal aging. However, why BubR1 levels decrease over time, and how this may be counteracted remains unknown. Sirtuins enzymes are evolutionarily conserved NAD + -dependent deacetylases that can delay a variety of age-related diseases (Haigis & Sinclair, 2010) . In mammals, there are seven sirtuins, SIRT1-7. SIRT1 is the most extensively characterized sirtuin and protects mice from age-related metabolic dysfunction, liver steatosis, neurodegeneration, cardiovascular disease, and various types of cancer (Haigis & Sinclair, 2010) . Many of the beneficial effects attributed to CR have been shown to require sirtuins. For example, the effects of CR on spontaneous activity, cell survival, and lifespan extension require SIRT1 (Cohen et al, 2004b; Chen et al, 2005; Boily et al, 2008) and the suppression of age-related hearing loss requires SIRT3 (Someya et al, 2010) .
Despite intensive research on the biology of sirtuins, the cytoplasmic SIRT2 protein remains the least understood. In cell culture, SIRT2 is involved in cell cycle regulation by deacetylating tubulin and histone H4 (North et al, 2003; Vaquero et al, 2006; North & Verdin, 2007b) . Through the regulation of histone H4 K16 acetylation, SIRT2 controls the methylation status of histone H4 K20, preventing genomic instability during mitosis (Serrano et al, 2013) . SIRT2 also inhibits adipocyte differentiation in vitro by enhancing insulin-stimulated phosphorylation of FOXO1 (Jing et al, 2007) . Mice deficient in SIRT2 are tumor prone, which is believed to be through negative regulation of the anaphase-promoting complex by SIRT2 (Kim et al, 2011) . SIRT2 and its cofactor NAD + are upregulated in a variety of tissues during CR (Wang et al, 2007; Haigis & Sinclair, 2010) . Recently, SIRT2 has also been implicated in Listeria monocytogenes-mediated reprograming of host cell gene expression (Eskandarian et al, 2013) . Here, we report that BubR1 stability is under the control of SIRT2 in vitro and in vivo. Deacetylation of lysine 668 (K668) of BubR1 inhibits ubiquitylation and the targeting of BubR1 to the proteasome, in a manner independent of altering the cell cycle. Interestingly, SIRT2 overexpression extends both mean and maximum lifespan of BubR1 H/H mice. Pharmacologically inducing NAD + synthesis in mice reverses the age-related decline in NAD + and, in turn, restores BubR1 protein abundance. Together, our results show that raising NAD + levels and stimulating SIRT2 activity warrants further investigation as a means to counteract the age-related decline in BubR1 and improving healthspan in mammals.
Results
The ability of BubR1 and the sirtuins to forestall diseases of aging led us to hypothesize that they might be in the same pathway. To test this, we examined the effects of the sirtuin inhibitors nicotinamide and sirtinol on BubR1 levels. Treatment with either of these inhibitors resulted in a reduction in BubR1 protein levels (Fig 1A and B) . BubR1 expression fluctuates dramatically during the cell cycle, exhibiting low levels during the G1 phase, followed by transcriptional up-regulation during G2 (Davenport et al, 1999) . To determine whether sirtuin inhibition was simply reducing BubR1 levels altering the cell cycle, we assessed cell cycle profiles by staining with propidium iodide and did not observe a significant difference in cell cycle profiles following treatment of cells with either nicotinamide or sirtinol ( Fig 1C,  Supplementary Fig S1A) . Furthermore, the reduction in BubR1 protein abundance due to sirtuin inhibition was not a result of transcriptional down-regulation as neither treatment affected BubR1 mRNA levels ( Fig 1D) . In addition, treatment of MEFs with nicotinamide resulted in a decrease in BubR1 but had minimal to no effect on other cell cycle regulators such as Aurora A or Aurora B ( Supplementary Fig S1B) . These results indicated that one or more of the sirtuins control BubR1 abundance without affecting the cell cycle. Of the seven sirtuins inhibited by these molecules, we speculated SIRT2 would be likely candidate based because it is the predominant sirtuin in the cytoplasm where BubR1 resides (Inoue et al, 2007; North & Verdin, 2007a; Izumi et al, 2009) . To test this, we assessed BubR1 protein levels in mouse embryonic fibroblasts (MEFs) isolated from Sirt2 À/À embryos (Vaquero et al, 2006) . Consistent with our results using sirtuin inhibitors, we found that Sirt2 À/À MEFs had reduced BubR1 abundance (Fig 1E) . Furthermore, overexpression of SIRT2 in wild-type MEFs resulted in an increase in BubR1 protein abundance (Fig 1F) . Similar to what we observed in Sirt2 À/À MEFs, we found a decrease in BubR1 protein levels in cells when SIRT2 was knocked down by shRNA (Fig 1G) . These results indicated that BubR1 protein levels are regulated by SIRT2. As with our previous studies utilizing sirtuin inhibitors, we tested whether SIRT2 increases BubR1 abundance by altering the cell cycle distribution or gene transcription. We first assessed the abundance of BubR1 in cells expressing SIRT2 shRNA during various stages of the cell cycle. Cells were either maintained in an asynchronous state or arrested in either the G1/S phase of the cell cycle by double thymidine block or at M phase of the cell cycle by nocodazole treatment. In asynchronous cultures, knockdown of SIRT2 by shRNA did not alter the proportion of cells undergoing mitosis, as the levels of the mitotic regulatory proteins cyclin B1, Aurora A, and Aurora B were not significantly altered (Fig 1H) . In addition, these cells did not have altered cell cycle profiles ( Supplementary Fig S1C) . Furthermore, BubR1 abundance was reduced in cells with SIRT2 knocked down, irrespective of whether they were asynchronous, or arrested at either G1/S or M phases of the cell cycle, although the extent that SIRT2 knockdown reduced BubR1 was greater during interphase (asynchronous and G1/S) compared to those arrested in M phase (Fig 1H) . Interestingly, the degree to which BubR1 levels were reduced by SIRT2 knockdown correlated with the extent of degraded BubR1 in each sample ( Supplementary Fig S1D) . In addition, knockdown of SIRT2 did not reduce BubR1 mRNA levels, or block the ability of BubR1 to be transcriptionally upregulated during the G2 phase of the cell cycle (Fig 1I, Supplementary Fig S1E) . Surprisingly, knockdown of SIRT2 appeared to increase levels of BubR1 mRNA (Fig 1I) , perhaps as a compensation mechanism for reduced BubR1 protein levels. Finally, reduction in SIRT2 did not dramatically influence either the cell cycle profiles of asynchronous, G1/S or M phase-arrested cells, or the ability of cells to be arrested in the G1/S or M phases of the cell cycle ( Fig 1J, Supplementary Fig S1C) . Taken together, these results indicate that SIRT2 modulates the abundance of BubR1 in a manner independent of altering the cell cycle.
These results suggested that SIRT2 might regulate BubR1 stability via a post-translational mechanism. We speculated that SIRT2 could directly modulate BubR1 abundance by deacetylating specific lysine residues on BubR1. First, to determine whether acetylation is involved in regulating BubR1, we tested whether any of the major acetyltransferases affected endogenous BubR1 protein levels. While GCN5, PCAF, and p300 had no effect on endogenous BubR1 protein abundance, CBP decreased BubR1 abundance (Fig 2A) , an effect that was reversed by SIRT2 (Fig 2B) . BubR1 physically interacted with both CBP (Fig 2C) and SIRT2 (Fig 2D) , although the interactions appear transient in nature due to the small fraction of Data information: Error bars represent SEM. P-values calculated using Student's t-test (n = 3), *P < 0.05, **P < 0.005. proteins interacting at any given time. The interaction between SIRT2 and BubR1 was confirmed at the endogenous level ( Fig 2E) . These data indicate that direct acetylation and deacetylation by CBP and SIRT2 may regulate BubR1 protein levels. Consistent with this, endogenous BubR1 was robustly acetylated by CBP in vivo, as assessed using a pan-anti-acetyl-lysine antibody ( Fig 2F) . Next, the ability of SIRT2 and the other six sirtuins (SIRT1, SIRT3-7) to deacetylate BubR1 was tested. We found that SIRT2 and the closely related sirtuin, SIRT3 (North & Verdin, 2004) , were the only sirtuins capable of deacetylating BubR1 in vitro (Fig 2G) . However, when SIRT2 or SIRT3 was transfected into cells, only SIRT2 expression led to a decrease in BubR1 acetylation, in an activitydependent manner (Fig 2H) . This is consistent with the fact that SIRT3 is targeted to the mitochondria and would not routinely come into contact with BubR1 (Schwer et al, 2002) . To confirm that SIRT2 was the sole deacetylase activity within the immunoprecipitated material, we tested both the sirtuin-specific inhibitor nicotinamide, as well as a class I and II deacetylase specific inhibitor trichostatin A (TSA), on either wild-type or catalytically inactive SIRT2, in an in vitro deacetylation reaction. In this assay, only wild-type SIRT2 was capable to deacetylate BubR1, in both an NAD + -dependent and nicotinamide-sensitive manner ( Supplementary Fig S2A) . In addition, recombinant SIRT2 purified from bacteria was also capable of deacetylating BubR1 in vitro, indicating that SIRT2 can act directly on BubR1, rather than influencing another deacetylase or acetyltransferase to modulate BubR1 acetylation ( Supplementary  Fig S2B) . Together, these results indicate that BubR1 is subjected to direct and reversible lysine acetylation and deacetylation by CBP and SIRT2, respectively.
To further elucidate the mechanism of regulation of BubR1 abundance by reversible acetylation, we utilized mass spectrometry to determine which lysine residues are acetylated on BubR1. We purified BubR1 acetylated in vivo by CBP and incubated it in vitro with or without rSIRT2, to determine sites specifically acetylated by CBP and deacetylated by SIRT2 ( Supplementary Fig S3A and B) . We detected acetylation on lysine-668 (K668; Fig 3A) , a residue that lies in a highly conserved region among vertebrates, between the amino-terminal domain, which is involved in inhibition of the APC, and the kinase domain of BubR1 (Fig 3B) . To confirm our mass spectrometry analysis, we generated an acetylation-specific antibody for BubR1-K668. The antibody recognized acetylated BubR1 but not a version of BubR1 lacking K668, demonstrating specificity of the antibody for this acetylated site ( Supplementary Fig S3C) . Using this antibody, we showed that SIRT2 deacetylates BubR1-K668 in cells (Fig 3C) . Furthermore, of the acetyltransferases that were tested, CBP preferentially acetylated BubR1 at K668 (Fig 3D) . These results indicate that CBP acetylates BubR1 on K668, regulating BubR1 abundance, which is reversed by SIRT2.
We next explored how acetylation regulates BubR1 abundance. To assess targeting of BubR1 to the proteasome by ubiquitination, cells were transfected with CBP in the presence or absence of SIRT2 and subsequently treated with the proteasome inhibitor MG132. Expression of CBP increased the amount of BubR1 targeted for ubiquitination, which was reversed by SIRT2 expression (Fig 3E,  Supplementary Fig S3D) . To determine whether the acetylation status of the single site, K668, was sufficient to regulate BubR1 degradation, we replaced K668 with glutamine (K668Q) to mimic a constitutively acetylated state or with arginine (K668R) to mimic the non-acetylated state. The K668Q enhanced ubiquitinated BubR1, and, conversely, the K668R mutation reduced it (Fig 3F, Supplementary Fig S3E) . Furthermore, mutation of additional putative acetylated lysines on BubR1, identified during our mass spectrometry analysis, did not influence ubiquitination of BubR1 as observed for K668 ( Supplementary Fig S3F) . We next tested whether acetylation mimetic or non-acetylated mutants at K668 altered stability of BubR1 by assessing the rate of degradation following blocking de novo protein synthesis by cycloheximide treatment. Consistent with our previous results, we found that the degradation rate of the K668R mutant was slower than wild-type BubR1, whereas the rate of the K668Q mutant was faster than the wild-type BubR1 (Fig 3G) . These results indicate that CBP-mediated acetylation at K668 drives BubR1 toward proteasome-mediated protein degradation, and this pathway is counteracted by SIRT2 (Fig 7A) .
To determine whether SIRT2 could influence the levels of BubR1 in vivo and increase the health and lifespan of BubR1
H/H mice, we generated a mouse constitutively overexpressing SIRT2. The mice contain a floxed transcriptional stop cassette between the promoter and SIRT2 cDNA (Supplementary Fig S4A) . When crossed to a mouse expressing a CMV-driven Cre recombinase, F2 offspring overexpress SIRT2 in all tissues tested (Supplementary Fig S4B) . To address whether SIRT2 could extend BubR1-dependent longevity in vivo, SIRT2 transgenic (SIRT2tg) mice were crossed to BubR1
H/H mice. Interestingly, although the SIRT2tg/BubR1 H/H mice remained small ( Supplementary Fig S4C-E ), they experienced a 58% increase in median lifespan and 21% increase in maximal lifespan compared to the BubR1 H/H control mice ( Fig 4A) . Lifespan extension was observed preferentially in male mice, with a 123% increase in median lifespan ( Fig 4B) . There was no change in median lifespan for females ( Fig 4C) . These results indicate that increasing SIRT2 activity can extend the lifespan of male BubR1 H/H mice.
Based on our previous results, we suspected that overexpression of SIRT2 in BubR1
H/H mice would stabilize BubR1 in these animals.
In initial studies, we purified MEFs from both wild-type and BubR1 H/H mice and infected BubR1 H/H MEFs with retrovirus expressing wild-type or catalytically inactive SIRT2. We found that expression of wild-type SIRT2 led to stabilization of the BubR1 protein levels, whereas expression of the catalytically inactive SIRT2 had no effect ( Supplementary Fig S5A) . Following birth, BubR1 levels decline quite dramatically in most tissues. We isolated spleen, lung, and testes tissues from animals obtained from crossing SIRT2tg with BubR1 H/H mice as we were readily able to see BubR1 protein within these tissues. We found that, as observed in the isolated MEFs, SIRT2 overexpression resulted in an increase in BubR1 protein in tissues where we were able to detect BubR1 (Fig 4D-F) . Of note, we were not able to see a restoration of BubR1 levels observed in the BubR1 H/H mice back to wild-type levels, which may be due to the fact that the BubR1 protein levels in these mice are due to altered gene transcription, and we would expect that SIRT2-mediated deacetylation is only able to stabilize the protein that is present but not induce a greater level of mRNA driven from the BubR1 promoter. This inability to restore BubR1 back to wildtype levels might also explain why we were able to see a difference in lifespan whereas many of the age-related phenotypes were not significantly altered, suggesting that SIRT2 overexpression may not have achieved a level of BubR1 able to reverse the senescence effects of BubR1 depletion. Previous studies identified that deletion of senescence cells within the BubR1
H/H mice reversed many of their aging-associated phenotypes (Baker et al, 2011) . However, removing senescence cells from these mice was not sufficient to reverse their shortened lifespan, due to their defects in cardiac electrophysiology (Baker et al, 2011) . During the course of the longevity study, we noted that BubR1 H/H mice tended to lose weight only within their last week of life and would die rather suddenly ( Supplementary Fig S4F) . These observations, combined with the fact that male mice are more susceptible to cardiac abnormalities than females (Du, 2004) , led us to hypothesize that BubR1 H/H mice were dying from a cardiacrelated event that was relieved by SIRT2 overexpression. Consistent with this, the heart weight relative to tibia length of male BubR1
H/H animals was less than wild-type animals, and this reduction was partially reversed by SIRT2 (Fig 5A) . In contrast, reduced kidney size in BubR1 H/H animals was not affected by SIRT2 (Fig 5B) . These results indicated the potential that SIRT2 overexpression in the heart was able to reverse the cardiac abnormalities observed in the BubR1 H/H animals.
To explore the possibility that SIRT2 overexpression improved cardiac function in male BubR1
H/H mice, we performed echocardiography and discovered the BubR1 H/H mice had a reduction in left ventricular (LV) chamber dimension and a corresponding reduction in LV mass (Fig 5C and D) . Consistent with reversal of heart weight, SIRT2 counteracted the reduced heart size as measured by echocardiography (Fig 5C and D) . Consequently, we observed that reversal of the abnormally small heart size and dimensions in the BubR1 H/H mice overexpressing SIRT2 coincided with increased BubR1 protein abundance in heart tissue ( Fig 4F) . We next tested whether there was altered cardiac electrocardiography (ECG) in male BubR1
H/H mice that was influenced by SIRT2.
We found that electrophysiology in BubR1 H/H mice was altered including a lengthened duration of the QTc interval, the QRS complex, and an increase in amplitude of the R-and P-wave, and a decrease in the PR duration ( Supplementary Fig S5B-F) . However, the most prominent effect was depression of the J-point, which represents the approximate end of depolarization and beginning of repolarization (Gussak et al, 1995) . We observed a suppression of the J-point in ECG tracings (Fig 5E) . Interestingly, SIRT2 overexpression prevented the depression in the J-point, both in the measured J-point amplitude (Fig 5F) as well as when the J-point amplitude was corrected for overall change in size of the QRS complex ( Fig 5G) Yoshino et al, 2011) . In addition to the heart, we examined testes, a tissue that expresses high levels of BubR1 (Baker et al, 2004) . Intraperitoneal injection of NMN for 7 days (500 mg/kg/day) lead to an increase in NAD + within the heart and testes in young and in aged mice (Fig 6B and C) . Although BubR1 protein levels were difficult to determine in the heart tissue of aged animals, BubR1 protein levels were clearly increased in testes following NMN treatment (Fig 6D) . This increase in BubR1 was observed in both young and aged mice, and more remarkable, BubR1 levels in aged NMN-treated animals were brought back to the levels of the 3-month-old animals ( Fig 6E) .
To determine whether the increase in BubR1 following treatment with NMN was dependent on SIRT2, we utilized MEFs isolated from Sirt2 À/À embryos (Vaquero et al, 2006) . NMN raised NAD + levels in MEFs, irrespective of their SIRT2 status ( Fig 6F) and did not alter cell cycle profiles ( Supplementary Fig S6B and C) . NMN treatment of wild-type MEFs induced BubR1 protein abundance, and this induction was almost completely absent in the Sirt2 À/À MEFs (Fig 6G) . Together, these results are consistent with a model in which NAD + levels dictate the level of BubR1 via SIRT2 and indicate that pharmacological modulation of the NAD + /SIRT2 pathway can reverse the age-related decline of BubR1.
Discussion
In this study, we show that SIRT2 controls BubR1 abundance and identify the first intervention to increase the lifespan of BubR1 H/H mice. The study provides the first link between SIRT2 and a longevity pathway and provides a mechanistic understanding of how SIRT2 regulates BubR1 abundance in vivo. Specifically, we demonstrate that BubR1 is acetylated at K668, that acetylation at this site promotes ubiquitination and degradation of BubR1, and that SIRT2 A 293T cells were transfected with vector, GCN5-FLAG, PCAF-FLAG, p300-HA, or CBP-HA and Western blotted for BubR1, FLAG, HA, and tubulin. B 293T cells transfected with vector or CBP-HA with or without SIRT2-FLAG and Western blotted for BubR1, FLAG, HA, and tubulin. C 293T cells were co-transfected with Myc-BubR1 and CBP-HA. Extracts were immunoprecipitated with anti-HA antibodies and Western blotted for Myc and HA. D 293T cells were co-transfected with Myc-BubR1 and SIRT2-FLAG. Extracts were immunoprecipitated with anti-FLAG antibodies and Western blotted for Myc and FLAG. E SIRT2 was immunoprecipitated from 293T cells with anti-SIRT2 antibodies and Western blotted for BubR1 and SIRT2. F 293T cells were transfected with vector or CBP-HA. BubR1 was immunoprecipitated with anti-BubR1 antibodies and Western blotted for Ac-lysine and BubR1. G Sirtuin enzymes and acetylated BubR1 purified from 293T cells were incubated in vitro with NAD + . Reactions were Western blotted for Ac-lysine, Myc, and FLAG.
H 293T cells were transfected with Myc-BubR1, CBP-HA, and either vector, wild-type, or catalytically inactive mutations of SIRT2-FLAG and SIRT3-FLAG. Cells extracts were immunoprecipitated with anti-Myc antibodies, and Western blotted for Ac-lysine, Myc, and FLAG. (Fig 7A) . We also show that BubR1 H/H mice overexpressing SIRT2 have increased BubR1
protein levels and a concomitant lifespan extension. We were initially surprised that the ability of SIRT2 to extend the lifespan of BubR1
H/H mice was gender specific, with a bias toward male animals. However, the recently published lifespan extension of BubR1 transgenic mice also showed a bias toward male mice (Baker et al, 2013) , suggesting a shared etiology of lifespan extension between these two studies. Baker et al (2011) recently demonstrated that deletion of senescent cells from BubR1 H/H mice improves health but does not extend their lifespan, likely due to early mortality caused by cardiac defects. Our data are consistent with this possibility, based on the improvements in cardiac physiology and lifespan extension provided by SIRT2. In our electrophysiology analysis, we discovered that BubR1 deficiency results in abnormalities in a variety of ECG components, including suppression of the J-point. Furthermore, overexpression of SIRT2 reversed this j-point suppression. The J-point represents the approximate end of depolarization and beginning of repolarization (Gussak et al, 1995) . Comparable with the effects we observed in BubR1 H/H mice, repolarization of the heart declines with aging in humans (Bachman et al, 1981) and the J-point becomes suppressed with age, specifically in males (Surawicz & Parikh, 2003) . Given that both age and male gender are two of the most important risk factors for sudden death in humans (Zheng et al, 2001) , our findings suggest that modulation of BubR1 by SIRT2 could mitigate the decline in cardiac function with age and reduce sudden death. Recent results involving sirtuins and longevity have also shown that overexpression of SIRT6 extends lifespan in mice (Kanfi et al, 2012) . Interestingly, the ability of SIRT6 to extend lifespan was also biased toward male mice, where female mice did not respond in a similar fashion in SIRT6 overexpressing mice (Kanfi et al, 2012) . The fact that we also observe a gender bias might indicate that the ability of sirtuins to be active when overexpressed might differ between genders, warranting further studies to elucidate mechanisms regulating sirtuin activity or NAD synthesis pathways, and differences that might exist in a gender-specific manner.
In our study, we did not observe a reversal of many of the premature aging phenotypes associated in BubR1
H/H mice with SIRT2 overexpression, including lordokyphosis, cataract formation, or the small size. Baker and colleagues demonstrated that by deletion of senescence cells in this model of BubR1 depletion, many of the premature aging phenotypes can be reversed, while this is not sufficient to mitigate the shortened lifespan associated with reduced BubR1 expression. Whereas in this current study, we find that SIRT2 can extend the lifespan, although it was unable to reverse many of the aging-associated phenotypes. We believe that this may be due to the fact that expression of SIRT2 is not able to restore BubR1 levels completely back to wild-type levels in the hypomorphic setting, suggesting that there may be a critical level of BubR1 required to prevent progression to senescence. Furthermore, the amount of BubR1 necessary to preserve tissue homeostasis may vary between tissues or that some of the phenotypes of the germline hypomorphic mouse, which has low levels of BubR1 due to reduced gene expression of the conditional allele, may be irreversible on account of the fact that BubR1 expression is reduced during development and throughout its entire lifespan. In wild-type mice, however, BubR1 levels decline progressively with age (Baker et al, 2004) . The data in this study indicate that the age-related decline in BubR1 levels is mediated in part through a decline in NAD + and SIRT2 activity (Fig 7) . In this model, NAD + and SIRT2 maintain BubR1 protein levels and can extend the duration of time in which BubR1 is maintained above the threshold level required for maintenance of tissue homeostasis. This model is also consistent with the observations that aging is associated with a substantial reduction in NAD + in multiple tissues including heart, muscle, lung, liver, and kidney (Fig 5A; Braidy et al, 2011; Price et al, 2012; Yoshino et al, 2011) and that treatment of 30-month-old mice with NMN, a precursor of NAD + , increases NAD + and restores BubR1 to levels similar to those of 3-month-old mice. We have shown here that targeting the SIRT2 pathway by inducing NAD + through treatment with NMN may be a potential mechanism to mitigate the decline of BubR1 with age as we were able to restore BubR1 in aged animals back to that observed in young animals. Although our data suggest that SIRT2 is the primary factor mediated this increase in BubR1, we did see a slight increase of BubR1 following NMN treatment in Sirt2 À/À MEFs, suggesting that another sirtuin, or other pathways regulated by NMN, may also be able to influence BubR1 abundance. Our results also indicate that inducing SIRT2 activity can counteract the aging effects caused by BubR1 depletion in the heart. Although our data suggest that SIRT2-mediated deacetylation and stabilization of BubR1 can reverse the effect of BubR1 depletion in BubR1 H/H mice, there remains a strong possibility that SIRT2 has additional targets through which it might exert its lifespan extension effect under BubR1-depleted circumstances. Given that CR is A Myc-BubR1 protein was analyzed by tandem mass spectrometry. Fragmentation spectrum of acetylated K668 peptide showing y and b series fragment ions. B Schematic diagram and alignment of region surrounding K668 from BubR1 of vertebrate species. C 293T cells were transfected with Myc-BubR1, CBP-HA, with or without wild-type or catalytically inactive mutant of SIRT2. Extracts were immunoprecipitated with anti-Myc antibodies and Western blotted for Ac-lysine, Ac-BubR1 K668, Myc, and FLAG. D 293T cells were transfected with vector, GCN5-FLAG, PCAF-FLAG, p300-HA, or CBP-HA, and Myc-BubR1. Extracts were immunoprecipitated with anti-Myc antibodies and Western blotted for Ac-BubR1 K668, Ac-lysine, Myc, HA, FLAG, and tubulin. E 293T cells were transfected with CBP and treated with MG132. Cell extracts were immunoprecipitated with anti-BubR1 antibodies and Western blotted for ubiquitin, BubR1, and HA. F 293T cells were co-transfected with HA-Ubiquitin, and wild-type, K668Q, or K668R BubR1-FLAG. Cells were treated with MG132, and cell extracts were immunoprecipitated with anti-FLAG antibodies and Western blotted for HA and FLAG. G 293T cells were transfected with wild-type, K668Q, or K668R BubR1-FLAG. Cells were treated with cycloheximide for indicated time points were Western blotted for FLAG and tubulin. H Quantification of BubR1-FLAG protein levels in (G).
Data information: Error bars represent SEM. P-values calculated using Student's t-test (n = 3), *P < 0.05, **P < 0.005. associated with increases in NAD + and SIRT2 levels (Wang et al, 2007; Haigis & Sinclair, 2010) , and that the effects of CR are blunted by preventing the increase in NAD + (Song et al, 2013) , our findings also raise the possibility that SIRT2-mediated increases in BubR1 abundance could underlie some of the health benefits associated with CR. Taken together, these data indicate that increasing NAD + levels or SIRT2 activity, by genetic or pharmacological means, could have beneficial effects on healthspan and lifespan in mammals. 
A Lifespan of BubR1
H/H (n = 31) and SIRT2tg/BubR1 H/H (n = 33) mice. P = 0.0384 determined by log-rank test.
B Lifespan of males BubR1
H/H (NT, n = 16) and SIRT2tg/BubR1 H/H (SIRT2tg, n = 17) mice, P = 0.004.
C Lifespan of females BubR1
H/H (NT, n = 15) and SIRT2tg/BubR1 H/H (SIRT2tg, n = 16) mice, N.S. (P = 0.7915).
D-F Lysates from testes (D), spleen (E), and hearts (F) isolated from wild-type, BubR1
H/H , and SIRT2tg/BubR1 H/H mice were Western blotted for BubR1, SIRT2, and tubulin.
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Materials and Methods

Mice generation and breeding
BubR1
H/H mice were previously described (Baker et al, 2004) .
Sirt2
À/À mice for generation of MEFs were kindly provided by Dr.
Frederick W. Alt, HHMI, Children's Hospital Boston (Vaquero et al, 2006) . To generate a Cre-inducible SIRT2 transgenic mouse, a transcriptional STOP element was flanked with loxP sites and inserted between a CAGGS promoter and the murine SIRT2 cDNA. This construct was targeted into the mouse Collagen A1 locus using flp recombinase-mediated genomic integration into C10 ES cells (derived from V6.5; BL/6 × 129Sv/Jae F1 ES cells) as described previously (Beard et al, 2006) . Mouse embryonic stem cells carrying a single copy of the SIRT2 STOP construct were identified by resistance to the antibiotic marker hygromycin and Southern blotting. Clones were injected into blastocysts and pups genotyped for positive recombination. Subsequently, mice were backcrossed to C57BL/6 to 10 generations. To generate constitutive SIRT2 transgenic animals (SIRT2tg), SIRT2 STOP mice were crossed with CMVCre transgenic mice strains obtained in the C57BL/6J background from Jackson Labs (Bar Harbor, ME, USA). SIRT2tg;CMV-Cre double transgenics were then backcrossed to C57BL/6J to outcross the CMV-Cre allele. SIRT2tg mice were then crossed to BubR1 H/H mice to generate SIRT2tg;BubR1 H/+ males and females, which were interbred to generate cohorts of mice for longevity study. Mice were weighed twice per week for the duration of the aging study. 3-month-and 30-month-old C57BL/6 mice were obtained from the NIA Aged Rodent Colony. Mice were injected with 500 mg/kg/day nicotinamide mononucleotide (NMN; Sigma Aldrich, St. Louis, MO, USA) diluted in PBS or vehicle for 7 days. Injections were performed prior to dark cycle. On the final day, mice were injected at beginning of light cycle and sacrificed 5 h following injection. Animals were maintained at Harvard Medical School, and experiments were approved by the Animal Care Committee of Harvard Medical School. A Hearts from male 3-month-old wild-type (n = 6), BubR1 H/H (n = 5), and SIRT2tg/BubR1 H/H (n = 6) mice were weighed and normalized to tibia length.
B Kidneys analyzed as in (A). C LVID;d measured by echocardiography. D Left ventricle mass calculated with echocardiography measurements. E Representative ECG tracings from 3-month-old wild-type, BubR1
H/H , and SIRT2tg/BubR1 H/H mice with inset highlighting J-point. Electrocardiography measurements from male 3-month-old wild-type (n = 12), BubR1 H/H (n = 14), and SIRT2tg/BubR1 H/H (n = 12) mice representing (F) J-point amplitudes and (G) normalization of J-point to R-wave amplitude.
Data information: Error bars represent SEM. P-values calculated using Student's t-test (n as specified), *P < 0.05, **P < 0.005. A NAD + measured from hearts excised from male 6-month-(n = 4), and 30-month-old (n = 4) mice.
B Relative NAD + levels in hearts of young and aged mice treated with either PBS or NMN (n = 3 for each group).
C Relative NAD + levels in testes from same mice as in (B).
D Lysates were prepared from testes of young and aged mice treated with either PBS or NMN and Western blotted for BubR1 and actin. E Quantification of BubR1 protein levels from (D). F Wild-type and Sirt2 À/À MEFs treated with or without 1 mM NMN for 24 h and measured for relative NAD + levels.
G Lysates from MEFs in (F) were Western blotted for BubR1, SIRT2, and tubulin.
Data information: Error bars represent SEM. P-values calculated using Student's t-test (n = 3), *P < 0.05, **P < 0.005. 
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Constructs
Sirtuin constructs were previously described (Schwer et al, 2002; North et al, 2003) . Myc-BubR1 was kindly provided by Dr. Hongtao Yu, UT-Southwestern (Tang et al, 2004) . BubR1 cDNA was cloned to generate C-terminal FLAG-tagged fusions in a derivative of the pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA) backbone (FLAG vector), human SIRT2 was cloned into pMSCVpuro (Invitrogen), and mouse SIRT2 was cloned into pMSCVhygro (Invitrogen), by standard PCR-based strategies. Vectors for expressing SIRT2 shRNA in pLKO.1 were obtained from OpenBiosystems. Sequences for shRNAs used SIRT2 shRNA A CCTGTGGCTAAGTAAACCATA and SIRT2 shRNA B GCCATCTTTGAGATCAGCTAT. CBP-HA (Addgene plasmid 16701) was obtained from Dr. Richard Goodam (Chrivia et al, 1993) , p300-HA (Addgene plasmid 10718) from Dr. William Sellers, GCN5-FLAG (Addgene plasmid 14424) from Dr. Puigserver (Lerin et al, 2006) , PCAF-FLAG (Addgene plasmid 8941) from Dr. Yoshihiro Nakatani (Yang et al, 1996) , and pMD2.G VSV G (Addgene plasmid 12259) and psPAX2 (Addgene plasmid 12260) from Dr. Didier Trono. Mutagenesis of BubR1 was performed with QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA).
Cell culture, transfections, infections, and treatments 293T and HeLa cells were obtained from American Type Culture Collection (ATCC), grown in Dulbecco's modified Eagle's medium (DMEM, Mediatech, Inc., Herndon, VA, USA) supplemented with 10% fetal bovine serum (Gemini Bio-products, Woodland, CA, USA) in the presence of penicillin, streptomycin, and 2 mM L-glutamine (Invitrogen). MEFs were prepared from crosses between male and female Sirt2 +/À , or between male and female BubR1 H/+ mice.
On day E14.5, embryos were isolated from pregnant female mice and embryonic fibroblasts prepared as previously described (Xu, 2005) . Lentivirus was produced by transfecting 293T cells pMD2.G VSV G, psPAX2, and shRNA encoding transfer vector by the calcium phosphate DNA precipitation method. Media were changed 16 h post transfection, and virus-containing media were harvested 36 h later and filtered through a 0.45-lm filter (Corning) fitted to a 10-ml syringe (BD Biosciences, San Jose, CA). Retrovirus expressing SIRT2 was produced by transfection of Phx-ampho cells (Orbigen) with pMD2.G VSV G and pMSCVpuro-SIRT2 by the calcium phosphate DNA precipitation method, and virus was produced and harvested as described for lentivirus. Target cells were incubated with viruscontaining media for 24 h. Media were changed, and 24 h later, infected cells were selected with 2 lg/ml puromycin (Invivogen). Selected cells were harvested and lysed in IPLS lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.5% NP-40, 150 mM NaCl) in the presence of protease inhibitor cocktail (Complete, Roche), protein concentrations normalized, and samples diluted in SDS-PAGE buffer. HeLa cells were treated with either 20 mM nicotinamide (Sigma Aldrich) or 25 lM sirtinol (Enzo Life Sciences) for 16 h and harvested as described above. Wild-type and Sirt2 À/À MEFs were treated with 1 mM NMN for 24 h and harvested as described above. For cell cycle arrests, cells were treated for 16 h with 2 mM thymidine (Sigma Aldrich), washed, and released into fresh media for 8 h. Subsequently, cells were retreated for 16 h with either 2 mM thymidine for G1/S phase arrest or 200 nM nocodazole (Sigma Aldrich) for G2/M phase arrest. For ubiquitination assays, cells were transfected as described above and treated prior to harvest with 10 lM MG132 (Sigma Aldrich) for 16 h (CBP/SIRT2 assay) or 4 h (BubR1 acetylation mutants assay). Cells were harvested in RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1.0% Triton X-100 (or NP-40), 0.5% sodium deoxycholate, 0.1% SDS) in the presence of protease inhibitor cocktail (Complete, Roche) and immunoprecipitated as described below. transfected cells were treated with 100 lg/ml cycloheximide (Sigma) for indicated time and harvested as described above. Tissue samples were lysed in RIPA buffer following tissue disruption with a Potter-Elvehjem homogenizer. Lysates were cleared by centrifugation, and protein concentrations normalized, and samples diluted in SDS-PAGE buffer.
Cell cycle analysis
Cells were harvested by trypsinization, washed in PBS, and fixed in ice-cold 70% ethanol, and stored at À20°C for 2 h. Fixed cells were pelleted, washed in PBS, and stained in PI Buffer (0.1% sodium citrate, 0.3% Triton X-100, 0.01% propidium iodide, and 0.02 mg/ ml RNase A: modified as described previously; Krishan, 1975) for 30 min. Stained cells were subjected to flow cytometric analysis using a FACSCalibur (BD Biosciences) and analyzed by FlowJo software (Tree Star, Inc., Ashland, OR, USA).
Gene expression analysis
Cells were harvested by trypsinization and washed in PBS. RNA was isolated from pelleted cells using RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and resulting RNA was quantified using a NanoDrop 1000 spectrophotometer (Thermo Scientific). cDNA synthesis was performed with Illustra Ready-To-Go RT-PCR Beads (GE Healthcare) using 1 µg RNA and random hexamer primers. Quantitative RT-PCR was performed with 1 µM of each primer and SYBR Green Master Mix (Roche) on a LightCycler 480 detection system (Roche). Relative gene expression was calculated using the delta-delta Ct method using b2-microglobulin as internal standard. Primers used for qPCR: BubR1 CTCGTGGCAATACAGCTTCA and CTGGTCAATAGCTCGGCTTC, b2-microglobulin CAAGATAGTTAA GTGGGATCGAG and GTGCATAAAGTGTAAGTGTATAAGC.
Mass spectrometry analysis
Excised gel bands were cut into approximately 1 mm 3 pieces. The samples were reduced with 1 mM DTT for 30 min at 60°C and then alkylated with 5 mM iodoacetamide for 15 min in the dark at room temperature. For modified in-gel trypsin digestion procedure, gel pieces were washed and dehydrated with acetonitrile for 10 min followed by removal of acetonitrile. Pieces were then completely dried in a speed-vac and rehydrated with 50 mM ammonium bicarbonate solution containing 12.5 ng/ll modified sequencing-grade trypsin (Promega) at 4°C. Samples were then placed at 37°C overnight. Peptides were later extracted by removing the ammonium bicarbonate solution, followed by one wash with a solution containing 50% acetonitrile and 5% acetic acid. The extracts were dried in a speed-vac (~1 h) and stored at 4°C until analysis. For mass spectrometry analysis, the samples were reconstituted in 5 ll HPLC solvent A (2.5% acetonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC capillary column was created by packing 5 lm C18 spherical silica beads into a fused silica capillary (100 lm inner diameter × 12 cm length) with a flame-drawn tip. After equilibrating the column, each sample was pressure-loaded off-line onto the column. The column was then reattached to the HPLC system. A gradient was formed, and peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile, 0.1% formic acid). As each peptide was eluted, they were subjected to electrospray ionization and then they entered into an LTQ-Orbitrap mass spectrometer (ThermoFinnigan). Eluting peptides were detected, isolated, and fragmented to produce a tandem mass spectrum of specific fragment ions for each peptide. Peptide sequences (and hence protein identity) were determined by matching protein or translated nucleotide databases with the acquired fragmentation pattern by Sequest (ThermoFinnigan) software. The modification of 42.0106 mass units to lysine was included in the database searches to determine acetylated peptides. Each acetylated peptide that was determined by the Sequest program was also manually inspected to ensure confidence (Shevchenko et al, 1996; Peng & Gygi, 2001 ).
Recombinant proteins
DH5a were transformed with pHEX vector containing the human SIRT2 cDNA and induced with 0.1 mM IPTG (isopropyl-b-D-thiogalactopyranoside) at 37°C for 2 h. Bacteria were sonicated in lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 300 mM NaCl, 10 mM imidazole, 1 mg/ml lysozyme), and the resulting 6×His-tagged protein was purified under native conditions at 4°C by Ni-NTA (Qiagen). Captured protein was washed with lysis buffer containing 20 mM imidazole and eluted with lysis buffer containing 250 mM imidazole. Eluted protein was dialyzed against storage buffer (50 mM Tris-HCl, pH 8.0, 4 mM MgCl 2 , 0.2 mM DTT, 150 mM NaCl, 10% glycerol), aliquoted, and stored at À20°C.
Immunoprecipitation
293T cells were transfected by the calcium phosphate DNA precipitation method and lysed 48 h after transfection in IPLS lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, 0.5% NP-40, 150 mM NaCl) in the presence of protease inhibitor cocktail (Complete, Roche). FLAG-tagged, HA-tagged, and Myc-tagged proteins were immunoprecipitated for 2 h at 4°C with anti-FLAG M2 agarose affinity gel (Sigma), anti-HA agarose (Roche), and anti-Myc (9E10, Santa Cruz Biotechnology), respectively. Myctagged proteins were absorbed with Protein A/G Plus agarose (Santa Cruz Biotechnology) for an additional 1 h. Immunoprecipitated material was washed three times for 15 min each in lysis buffer and either used for subsequent in vitro activity assays or resuspended in SDS-PAGE buffer. Endogenous immunoprecipitations were performed from 293T cells using anti-SIRT2 (Epitomics) as described above.
Immunoblotting
A rabbit polyclonal antibody was raised against a peptide of BubR1, CQTLSIK-AcK-LSPII-amide, and purified over non-acetylated and acetylated peptides (YenZym Antibodies). Samples were separated on 10% SDS-polyacrylamide gels and transferred to Hybond ECL nitrocellulose membrane (Amersham Pharmacia Biotech, Inc.). Membranes were blocked with 5% non-fat dry milk in TBS-Tween (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween-20) and were probed with antibodies to BubR1 (BD Biosciences) at 1:1,000, tubulin (Sigma Aldrich) at 1:5,000, SIRT2 (Epitomics or Bethyl Laboratories) at 1:1,000, FLAG (Sigma Aldrich) at 1:5,000, HA (Sigma Aldrich) at 1:5,000, Myc (Santa Cruz Biotechnology) at 1:5,000, Ac-lysine (Cohen et al, 2004a) at 1:2,000, ubiquitin (Santa Cruz Biotechnology) at 1:1,000, and BubR1 Acetylated K668 at 0.05 lg/ml. Secondary detection was performed using horseradish peroxidase-coupled sheep anti-mouse IgG (Amersham Pharmacia Biotech, Inc.), goat anti-rabbit IgG (Pierce Chemical Co., Rockford, IL, USA) diluted 1:5,000, and ECL Western blotting detection system (Amersham Pharmacia Biotech, Inc.). Quantifications of Western blot films were performed using ImageJ (National Institutes of Health, Bethesda, MD, USA).
In vitro activity assay
Immunoprecipitates for FLAG-tagged sirtuins and for Myc-tagged BubR1 were washed two times for 15 min each in SIRT deacetylase buffer (50 mM Tris-HCl, pH 9.0, 4 mM MgCl 2 , 0.2 mM DTT). MycBubR1 immunoprecipitates were resuspended in 100 ll of SIRT deacetylase buffer containing 1 mM NAD + (Sigma) and added to each FLAG-tagged sirtuin immunoprecipitated, or purified SIRT2, and incubated for 2 h at 37°C. Reactions containing deacetylase inhibitors were pre-incubated for 10 min with either 20 mM nicotinamide or 400 nM trichostatin A (TSA) prior to reaction being started by addition of NAD + . Reactions were stopped by addition of 20 ll of 6× SDS-PAGE buffer. Beads were pelleted by centrifugation at 16,000 g for 10 min, and 10 ll of each supernatant was separated on 10% SDS-PAGE gels and Western blotted as described above.
NAD
+ quantification NAD + from young and aged hearts were determined as described previously (Sauve & Schramm, 2003) , with the following modifications. The reference standard 18 O-NAD + (typically 640 pmol) was added to the sample. NAD + was extracted from heart tissue by adding ice-cold 7% perchloric acid, followed by vortexing for 30 s, and sonicating for 5 min, on ice. The vortex-sonication cycle was repeated three times. Samples were then centrifuged at room temperature for 3 min at 16,800 g. Cleared supernatant was neutralized by 3 M NaOH and 1 M phosphate buffer (pH~9). Neutralized sample was centrifuged again at room temperature for 3 min at 16,800 g. 
Echocardiography
Mice were anesthetized under an isoflurane vaporizer (VetEquip), body temperature was maintained at 37°C, and paws were secured to the ECG leads on Vevo Mouse Handling Table (VisualSonics  Inc. ). Chest hair was removed with Nair cream, and ultrasound transmission gel was applied. Echocardiography was conducted using a Vevo 770 High-Resolution In Vivo Micro-Imaging System and RMV 707B scanhead (VisualSonics Inc.) with heart rate of 500-550 beats per minute. M-mode imaging was obtained with parasternal short axis view. Three consecutive cardiac cycles were measured and averaged accordingly. LV mass was calculated from diastolic M-mode measurements as has been previously described (Liu & Rigel, 2009 ).
Electrocardiography
Mice were lightly anesthetized with isofluorane (1-1.5% in O 2 at 3-5 cc/h), and 4-unipolar subcutaneous leads (PowerLab, AD Instruments) were placed on the proximal limbs. Baseline cardiac cycle intervals were measured, including the heart rate, cycle length, PR, QRS, and QT intervals. P, R, and J-point amplitudes were measured. Any arrhythmia, if present, was documented. Data were recorded and analyzed using Chart 5 (version 5.5.3, AD Instruments) software.
Statistical analysis
Log-rank test were used to evaluate significance between groups for Kaplan-Meier survival curves, and Student's t-test was used to evaluate significance between groups for all other data and P-values indicated.
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